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Abstract. Water-filled containers have long known for its structural characteristic of impact load 
absorption. This paper presents design of structures resisting to impact load resulting from a high-velocity 
tennis ball. One cubic meter water containers consisting of rectangular, cylindrical, and spherical water 
containers and water levels were studied for their stress distribution and deformation during maximum 
deformation period using finite element analysis in the ANSYS 15.0 software. The containers were modeled 
by using shell elements and made of elasto-plastic material of HDPE plastic. The filled water was model by 
using fluid elements. We found that as ball velocity increased, maximum von Mises stress increased. 
However, for post-yielding behavior, maximum von Mises stress approached a constant near yield stress of 
HDPE material. As ball velocity increased, deformation increased. When water level increased, maximum 
deformation decreased. For the rectangular and cylindrical containers, when the water level increased, the 
maximum von Mises stress increased. However, in the spherical container, as water level increased, the 
maximum von Mises stress was not significant change. Among three water-filled containers, the rectangular 
container has the highest efficiency in impact absorption, followed by the cylindrical container and the 
spherical container respectively. 
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1. Introduction 
 
There are many attempts to improve capabilities of structures to withstand high-velocity impact loads 
which include development of new structural shapes, structures filled with liquid or foam, and use of new 
composite materials. Some researchers were interested in tapered thin-walled rectangular tubes for their 
high impact energy absorption [1, 2]. The liquid or foam filled inside structures had long known for their 
abilities to absorb and to dissipate high-velocity impact loads [3-15] Some of researches aimed to find 
effects of liquid levels filled inside structures on abilities to absorb impact energy [16, 17] while other 
focused on controlling liquid sloshing inside structures [18] or determined vibration characteristic of liquid 
[19] during impact. One application of liquid filled inside structure is not only to absorb impact energy but 
also to add weight to the structure for minimizing its structural movement commonly found in design of 
vehicle barriers [20, 21]. Rimdusit et al. [22] studied the use of KevlarTM fiber-reinforced polybenzoxazine 
alloys for ballistic impact applications. 
This paper aims to study dynamic effects of geometries of water containers and water levels on stress 
and deformation of water containers during impact by a high-velocity tennis ball using finite element 
analysis (FEA). One cubic meter water containers consisting of rectangular, cylindrical, and spherical water 
containers and 0%, 50%, 100% water levels were modeled in the ANSYS 15.0. The water containers were 
modeled by shell elements and made of elasto-plastic material of HDPE plastic while water was modeled by 
fluid element. 
 
2. Materials and Methods 
 
2.1. Analytical Models 
 
2.1.1. Fully water-filled cylindrical container under compressive force 
 
The mathematical model of a fully water-filled cylindrical container under compressive force at both ends 
which were modelled as rigid lids is shown in Fig. 1. The longitudinal displacement and maximum von 
Mises stress are compared to the finite element analysis to validate accuracy of the fluid-structure 
interaction in the FE models. 
 
 
Fig. 1. The mathematical model of a fully-filled water container under compressive force. 
 
By using the principle of superposition, the external compressive force F is written as 
 
  w cF F F     (1) 
 
where wF is the reaction force done by water and cF is the reaction force done by the cylindrical container. 
By neglecting static pressure of water, the water pressure results from the compressive force is 
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where ir is the inner radius and iu  is the radial displacement at the inner surface. The incompressibility of 
fully-filled liquid inside the container gives 
 
     
22
i i ir L r u L        (3) 
 
By assuming uniform longitudinal displacement  on cross–section of the cylindrical container, the 
longitudinal displacement can be expressed as 
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From Hooke’s law, the radial displacement at the inner surface iu is written as 
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and the radial displacement at the outer surface ou is written as 
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By substituting Eq.(2), Eq.(4), and Eq.(5) into Eq.(3), we have 
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,  ,c iF u and ou can be obtained by numerical solving Eq. (5)-(7). The maximum von Mises stress occurring 
at the inner surface is given by 
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2.1.2. Approximation of impact load 
 
The simplest and conservative mathematical model for approximating impact load is to assume that the 
structure remains elastic and structural damping and internal friction were negligible.  The relationship 
between impact force F and impact velocity v of a projectile having mass m  is derived from the 
structural stiffness k  and the principle of energy conservation. The maximum deformation x  during 
impact is written as 
 
     2 21 1
2 2
mv kx       (12) 
 
2mv
x
k
       (13) 
 
The equivalent impact force is 
 
     
eF kx      (14) 
 
By substituting Eq. (13) into Eq. (14), the relationship between impact velocity and equivalent impact force 
was  
 
     
2
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2.2. Finite Element Models 
 
2.2.1. Fully-filled cylindrical water container under compressive forces 
 
A fully-filled water cylindrical container was modelled in the ANSYS V.15 software. The material properties 
of the container were Young’s modulus of 2.90 GPa and Poisson’s ratio of 0.42. The container was fully 
filled with water having bulk modulus of 2.068 GPa, viscosity of 0.0013 Pa.s, density of 1000 kg/m3, and 
sonic velocity of 1450 m/s. A three-dimensional finite element model consisted of the 4-node shell element 
(SHELL181) and the 4-node fluid elements (FLUID80) as shown in Fig. 2. The boundary conditions were 
that one end of the cylindrical container was fixed and another end was subjected to compressive force of 
1000 N. 
The stress-strain relationship implemented into FLUID 80 element is 
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where bulk strain, 
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 ij= shear strain on plane ij, and  i = rotation about axis i, P = pressure,  ij = shear stress on plane ij,  
iM = twist force about axis i., K = fluid bulk modulus, 
910S K   (arbitrarily small number to give 
element some shear stability), and 
910B K   (arbitrarily small number to give element some rotational 
stability). 
Damping matrix is developed based on 
 
0 0 0 0 0 0 0
1
0 0 0 0 0 0
1
0 0 0 0 0 0
1
0 0 0 0 0 0
1
0 0 0 0 0 0
1
0 0 0 0 0 0
1
0 0 0 0 0 0
bulk
xy xy
yz yz
xz xz
x x
y y
z z
P
M
Mc
M
c
c


 
 
 



 
 
 
 
    
    
    
    
    
    
    
    
    
    
    
 
 
 
 
   (18) 
 
0.00001c       (19) 
 
where  = viscosity, and the dot notation representing differentiation with respect to time. 
 
 
 
Fig. 2. FE model of the fully-filled liquid container under compressive forces. 
 
2.2.2. Approximated impact of a tennis ball onto water containers  
 
The FE models were used to verify accuracy of FE results comparing to dynamic impact models. The 
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1 x 1 x 1 m rectangular containers with 5 mm thickness subjected to approximated impact loads at center of 
the front face of containers were modelled in the ANSYS v15.0 software as shown in Fig. 3. Two FE 
models of containers consisting of an empty container and a fully-filled water container were used to study 
effects of fluid-structure interaction on stress distribution and structural deformation on containers. The 
containers were modelled using SHELL 181 elements which have four nodes and six degrees of freedom 
for each node.  Filled water was modelled using FLUID 80 elements which have eight nodes and three 
degrees of freedom for each node. The container mesh had 29,400 elements while the filled-water mesh 
had 343,000 elements. This FE model was tested for convergence of FE results. The rectangular containers 
were made of high–density polyethylene plastic (HDPE) which was modelled as linear-elastic isotropic 
material [23]. The material properties of FE models are shown in Table 1. First, approximated impact loads 
of 5 N, 10 N, and 15 N were applied perpendicularly to the center of the front face of containers to 
determine their structural stiffness. The bottom of containers was fixed in all degrees of freedom.   
 
 
 
Fig. 3. FE model of the rectangular container. 
 
Table 1. Mechanical properties. 
 
Material 
Elastic Modulus 
(GPa) 
Poisson’s 
Ratio 
Yield 
Stress 
(MPa) 
Density 
(kg/m3) 
Sonic 
Velocity 
(m/s) 
HDPE 0.7 0.4 15.8 - - 
Water 2.2 - - 998.3 1450 
Spherical ball - - - 376.5 - 
 
2.2.3. Dynamic impact of a tennis ball onto water containers 
 
In dynamic FE analyses, one cubic meter water containers consisting of rectangular, cylindrical, spherical 
containers were studied for effects of container geometries and water levels on stress distribution and 
deformation of container during impact by a 66.7 mm diameter tennis ball having mass of 58.5 gram [24]. 
Dimension of a rectangular container was 1 x 1 x 1 m and 5 mm thickness. Dimension of a cylindrical 
container was 1 m diameter, 1.273 m height and 5 mm thickness. Dimension of a spherical container was 
1.24 m diameter and 5 mm thickness. All containers were made of HDPE plastic [23] which was modelled 
as elasto-plastic isotropic material as shown in Fig. 5. The material properties are shown in Table 1. The FE 
models of elasto-plastic containers and filled water were built similar to ones of approximated impact 
analysis and the spherical tennis ball is modelled by SOLID 185 elements. The contacts between rigid 
tennis ball and water containers were defined as surface to surface contact. Tables 2-4 show numbers of 
elements of each FE model which were tested for convergence of FE results. The water containers were 
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impacted by the tennis ball at initial velocity of 1-20 m/s. The water levels were 0%, 50%, and 100% of 
filled capacity respectively. The bottom of water containers was fixed in all degrees of freedom.  
 
 
(a) Rectangular container (b) Cylindrical container 
 
 
(c) Spherical container 
 
Fig. 4. Dynamic FE models of (a) the rectangular water container, (b) the cylindrical water container, and 
(c) the spherical water container. 
 
 
 
Fig. 5. True stress versus true strain of HDPE plastic. 
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Table 2. Number of elements of FE models of the rectangular water container. 
 
Water-filled capacity (%) No. of shell elements No. of fluid elements 
0 29,400 - 
50 29,400 171,500 
100 29,400 343,000 
 
Table 3. Number of elements of FE models of the cylindrical water container. 
 
Water-filled capacity (%) No. of shell elements No. of fluid elements 
0 7,200 - 
50 7,200 42,000 
100 7,200 84,000 
 
Table 4. Number of elements FE models of the spherical water container. 
 
Water-filled capacity (%) No. of shell elements No. of fluid elements 
0 43,200 - 
50 43,200 864,000 
100 43,200 1,728,000 
 
3. Results and Discussion 
 
3.1. Fully-filled Cylindrical Water Container under Compressive Forces 
 
The longitudinal deformation of the container obtained from FE analysis and analytical solution were 1.701 
mm and 1.658 mm respectively, which yielded error less than 2.59 percent. Maximum von Mises stress 
obtained from FE analysis and analytical solution were 5.091 MPa and 4.982 MPa respectively, which 
yielded error less than 2.19 percent. The FE model obtained accurate and acceptable results. Fig. 6 shows 
the von Mises stress distribution on the container. 
 
 
 
Fig. 6. Contour plot of von Mises stress on the fully-filled water container under compressive forces. 
 
Unit : MPa 
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3.2. Approximated Impact FE Models of a Tennis Ball onto Rectangular Water Containers 
 
The relationship between approximated impact forces and maximum deformation of the rectangular water 
containers shows in Fig. 7. The slopes of these two lines were structural stiffnesses k  which were 
.  31 28 10 N/m for the empty water container and .  31 46 10 N/m for the fully-filled water container. 
 
 
 
Fig. 7. Approximated impact force versus maximum deformation. 
 
The relationship between approximated impact forces and ball velocities was given in Eq. (15). Figure 8 
shows maximum von Mises stress versus ball velocity. Figure 9 shows maximum deformation versus ball 
velocity. When comparing FE results of fully-filled water containers to ones of empty container, the 
maximum von Mises stress increases while maximum deformation decreases. Figure 10 shows the stress 
contours of von Mises stress at the impact forces of 15 N comparing between the empty container and the 
fully-filled water container. These FE results showed capability of water to absorb and dissipate impact load 
to the rest of the container structure.  
 
 
 
Fig. 8. Maximum von Mises stresses versus ball velocity.  
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Fig. 9. Maximum deformation versus ball velocity. 
 
 
(a) Empty container (b) Fully-filled water container 
 
Fig. 10. Von Mises stress distribution at 15 N approximated impact force of (a) empty container and (b) 
Full-filled water container. 
 
3.3. Dynamic Impact FE Models of a Tennis Ball onto Water Containers 
 
Figure 11 shows maximum von Mises stress versus ball velocity and maximum deformation versus ball 
velocity comparing between approximated impact models and dynamic impact model of the empty 
rectangular water container. The percent differences of these two FE models were less than 6% for 
maximum von Mises stresses and 2.9 % for maximum deformation. Figure 12 shows maximum von Mises 
stress versus ball velocity and maximum deformation versus ball velocity comparing between approximated 
impact FE models and dynamic impact model of the fully-filled rectangular water container. These FE 
results showed effects of energy absorption of water on structural responses resulting from viscous flow of 
water during impact. 
In dynamic impact FE models, effects of ball velocities on water levels were investigated at the 
maximum deformation period. The plots of maximum von Mises stress versus ball velocity and maximum 
deformation versus ball velocity for each water container are shown in Fig. 13-15. It was found that as ball 
velocity increased, maximum von Mises stress increased. However, for post-yielding behaviour, maximum 
von Mises stress approached a constant near yield stress of HDPE plastic. At ball speed of 20 m/s, the 
maximum deformations on the full-filled rectangular, cylindrical and spherical water containers were 
91.75%, 70.99% and 51.21% lower than ones of empty containers respectively. Here, water showed ability 
to suppress impact deformation especially in fully-filled rectangular container. For the rectangular and 
cylindrical containers, when the water level increased, the maximum von Mises increased.  However, in the 
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spherical container, when the water level increased, the maximum von Mises stress was not significant 
change. 
Figures 16-18 show contour plots of von Mises stress distribution on water containers for various 
water levels at ball velocity of 5 m/s. Figures 19-21 show contour plot of deformation in the direction of 
impact on containers for various water levels at ball velocity of 5 m/s. It was found that the maximum 
deformation and maximum von Mises stresses arose at center of impact and stress wave spread out toward 
edges of water containers. 
The plots of maximum von Mises stress versus ball velocity and maximum deformation versus ball 
velocity compared between each water container are shown in Fig. 22-24. At 0% and 50% filled capacities, 
the spherical container has lowest deformation and highest von Mises stress. At 100% filled capacity, the 
maximum von Mises stress and maximum deformation on the cylindrical and spherical containers are not 
slightly difference. 
 
 
(a) Maximum von Mises stress (b) Maximum deformation 
 
Fig. 11. Comparison between approximated and dynamic impact models of the empty rectangular 
container (a) maximum von Mises stress versus ball velocity and (b) maximum deformation versus ball 
velocity. 
 
 
(a) Maximum von Mises stress (b) Maximum deformation 
 
Fig. 12. Comparison between approximated and dynamic impact models of the fully-filled rectangular 
container (a) maximum von Mises stress versus ball velocity and (b) maximum deformation versus ball 
velocity. 
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(a) Maximum von Mises stress (b) Maximum deformation 
 
Fig. 13. FE results of dynamic impact of a tennis ball onto the rectangular water containers at maximum 
deformation period (a) maximum von Mises stress versus ball velocity and (b) maximum deformation 
versus ball velocity. 
 
 
(a) Maximum von Mises stress (b) Maximum deformation 
 
Fig. 14. FE results of dynamic impact of a tennis ball onto the cylindrical water containers at maximum 
deformation period (a) maximum von Mises stress versus ball velocity and (b) maximum deformation 
versus ball velocity. 
 
 
(a) Maximum von Mises stress (b) Maximum deformation 
 
Fig. 15. FE results of dynamic impact of a tennis ball onto the spherical water containers at maximum  
deformation period (a) maximum von Mises stress versus ball velocity and (b) maximum deformation 
versus ball velocity. 
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(a) 0% filled capacity (b) 50% filled capacity (c) 100 % filled capacity 
 
Fig. 16. Von Mises stress distribution on rectangular water containers for various water levels at ball 
velocity of 5 m/s. 
 
 
(a) 0% filled capacity (b) 50% filled capacity (c) 100 % filled capacity 
 
Fig. 17. Von Mises stress distribution on cylindrical water containers for various water levels at ball velocity 
of 5 m/s. 
 
 
(a) 0% filled capacity (b) 50% filled capacity (c) 100 % filled capacity 
 
Fig. 18. Von Mises stress distribution on spherical water containers for various water levels at ball velocity 
of 5 m/s. 
 
 
(a) 0% filled capacity (b) 50% filled capacity (c) 100 % filled capacity 
 
Fig. 19. Contour plot of deformation in the direction of impact on rectangular water containers for various  
water levels at ball velocity of 5 m/s. 
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(a) 0% filled capacity (b) 50% filled capacity (c) 100 % filled capacity 
 
Fig. 20. Contour plot of deformation in the direction of impact on cylindrical water containers for various 
water levels at ball velocity of 5 m/s. 
 
 
(a) 0% filled capacity (b) 50% filled capacity (c) 100 % filled capacity 
 
Fig. 21. Contour plot of deformation in the direction of impact on spherical water containers for various 
water levels at ball velocity of 5 m/s. 
 
 
(a) Maximum von Mises stress (b) Maximum deformation 
 
Fig. 22. Comparison of FE results on 0% water-filled containers (a) maximum von Mises stress versus ball 
velocity and (b) maximum deformation versus ball velocity. 
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(a) Maximum von Mises stress (b) Maximum deformation 
 
Fig. 23. Comparison of FE results on 50% water-filled containers (a) maximum von Mises stress versus ball 
velocity and (b) maximum deformation versus ball velocity. 
 
 
(a) Maximum von Mises stress (b) Maximum deformation 
 
Fig. 24. Comparison of FE results on 100% water-filled containers (a) maximum von Mises stress versus 
ball velocity and (b) maximum deformation versus ball velocity. 
 
4. Conclusion 
 
This paper investigated impact behaviors of one cubic meter of water containers consisting of the 
rectangular, cylindrical, and spherical containers by a high-velocity tennis ball. The mathematical model of a 
fully-filled cylindrical water container under compressive forces was created and its results were compared 
to FE results for evaluating of FE accuracy of quasi static analyses. We found that error of FE model was 
less than 2.19 % on maximum von Mises stress and 2.59 % on maximum deformation. In FE analyses of a 
tennis ball impacting onto rectangular water containers, the approximated impact FE models were 
compared to the dynamic impact FE models for evaluating accuracy of dynamic analyses. We found good 
agreement of these models on empty rectangular water containers in which the percent differences of these 
two FE models were less than 6% on maximum von Mises stresses and 2.9 % on maximum deformation. 
In dynamic impact FE analyses of a tennis ball impacting onto the rectangular and cylindrical containers, 
when the water level increased, the maximum von Mises stress increased. However, in the spherical 
container, as water level increased, the maximum von Mises stress was not significant change. Among three 
water-filled containers, the rectangular container has the highest efficiency in impact absorption, followed 
by the cylindrical container and the spherical container respectively. 
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